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O n 18 July 1995, the Soufriere Hills volcano, on the West Indian island of Montserrat, started to erupt after a repose period of over four hundred years. The island is a British Overseas Territory in the Lesser Antilles arc. Shaped like a pear, it is 17 km long and 10 km wide, with the summit of the volcano (1000 m above sea level) only 5 km from the now devastated capital Plymouth in the southern part of the island. The population had to be relocated in stages during 1996-97, eventually to the northern part of the island as the activity escalated, with most of the original population of 12 000 people leaving the island altogether. By the time this study began in February 1998, about 3500 people were living in Montserrat in the northern part of the island outside the official exclusion zone around the volcano.
The eruption proceeded with the growth of a lava dome, a massive pile of hot rock at temperatures over 800°C, which began slowly to fill the crater. Collapses of the dome formed pyroclastic flows, which are devastating hot clouds of gas and rock fragments that travel at speed down the flanks of the volcano. These flows produced convective clouds of ash that rose hundreds to thousands of metres. Less commonly tall columns of ash were emitted in explosions or venting episodes. During 1996-98, ash fell frequently over the island, mostly in the southern and lower central areas (see fig 1) , which was also the area of greatest direct hazard from volcanic activity.
The main ashfall deposits from the lava dome collapses comprised 13-20 wt% particles less than 10 µm in diameter (PM 10 ) and which contained 10-30 wt% of cristobalite, a form of crystalline silica that can cause silicosis. 1 About 1-8 wt% was less than 2 µm in mean diameter. During periods of frequent ashfalls in 1997-98 levels of PM 10 regularly exceeded the UK air quality standard for particles (24 hour running average: 50 µg/m 3 ). 2 Peak PM 10 levels during ashfalls could reach 150 mg/m 3 , when visibility was temporarily lost. The dry, fine deposits of ash were readily suspended by human activity, so personal exposures were potentially very high. The fine ash infiltrated homes, offices, and schools, as most buildings were of a traditional open design to keep them cool. Although the authorities issued advice on limiting ash exposure, such as wearing of masks and damping down ash around houses and schools, the extent to which these measures were effective is unclear.
As the eruption proceeded, there were anecdotal reports of, and local concerns about, increased respiratory symptoms in children living in ashfall areas. This study was conducted to determine the prevalence of asthma and asthma-like symptoms, and assess the association between exposure to ash, and respiratory symptoms and exercise induced bronchoconstriction (EIB) in children in Montserrat during the crisis.
METHODS
In February 1998 we asked carers (mostly parents) of all children aged 12 and under attending school in Montserrat to complete a questionnaire. This included the questions used in the International Study of Asthma and Allergies in Children (ISAAC), 3 which assess the lifetime and 12 month period prevalence of respiratory symptoms suggestive of asthma. We added questions on health service use and medications over the previous 12 months, as well as information on areas of residence since the eruption began. Children aged 13 and over completed a similar questionnaire in the classroom.
During the following week all children aged between 8 and 12 years were asked to perform exercise testing following the 4 after written consent was obtained from their parents. We measured peak expiratory flow rate (PEFR) five times before six minutes of free running and again five minutes after completion of the run. The percentage difference of the two measures (before and after) was calculated using the mean of the three highest PEFR readings.
Two people with close knowledge of the island over the period of the eruption (PB and a volcanologist at the Montserrat Volcano Observatory) together categorised each of the reported residential locations into areas of high, moderate, or low levels of exposure to ash without knowledge of the symptoms reported by the children. The classification was based on the accumulated depths of compacted ash from 1995 to 1998 (see fig 1) . While some measures of airborne ash were available, depth of ash was considered a more accurate measure of total exposure at each residential location.
The prevalences of symptoms, use of health services, and EIB in children aged 12 years and under, and in children 13 and over, were calculated. The association of respiratory symptoms, use of health services, and EIB with exposure to volcanic ash was determined by logistic regression with adjustment for age, sex, and parental smoking. We analysed the data using the statistical package Stata (STATA corporation, 702 University Drive East, College Station, Texas 77840).
RESULTS
Three hundred and eighty three questionnaires were returned from 86.5% of the 443 children on the school rolls. Three hundred and fifty (79.0%) contained complete information about wheezing symptoms, 240 in children aged 12 and under and 110 aged 13 and over. Table 1 shows the prevalences of reported respiratory symptoms, use of medication, and visits to a doctor in the past 12 months for respiratory symptoms. The prevalence of wheeze in the previous year was 17.5% in children aged 12 and under, and 16.4% in children aged 13 and over. A diagnosis of asthma was given in 10.1% of the younger group and in 9.1% of the older group. Thirty nine (11.1%) of the children had a parent who smoked.
Current place of residence was available for 342 of the 350 children with complete information about wheezing (97.7%).
Forty one children (12.0%) were currently living in an area of heavy ash exposure, one child (0.3%) in an area of moderate exposure, and 300 children (87.7%) in areas of low exposure. A complete list of places of residence since July 1995 was provided by 324 (92.6%). One hundred and eighty five children (57.1%) reported that they had at some point since the eruption started, lived in areas heavily exposed to ash emissions; 18 (5.6%) had lived in areas of moderate exposure; and 121 (37.3%) had only lived in areas of low exposures.
For the analysis of the relation between exposure to ash emissions and respiratory symptoms and EIB, the children with moderate and heavy exposure, either ever or current, were treated as one group because of the small numbers of children with moderate exposure. Table 2 shows odds ratios for symptoms and health service use in children who were currently living or had ever lived in moderate or heavy ash exposure areas in the 12 and under and the 13 and over age groups separately after adjustment for age, sex, and parental smoking. Children aged 12 and under who had ever lived in areas of moderate or heavy ash exposure had a significantly greater prevalence of reported wheeze ever (OR 3.45, 95% CI 1.69 to 7.04) and wheeze in the past 12 months (OR 4.30, 95% CI 1.70 to 10.86) compared to those who had always lived in low exposure areas. Similar associations were observed for cough and use of health services in this younger age group and for symptoms in the older children although the observed differences were not statistically significant.
Main messages
• Children who lived in areas recognised to have undergone high exposure to volcanic ash reported more respiratory symptoms than those who lived in areas with lower exposure. • Children who lived in areas recognised to have undergone high exposure to volcanic ash had more exercise induced bronchoconstriction than those who lived in areas with lower exposure. • Few children living in Montserrat during the period of the eruption and who reported they had asthma were receiving treatment as recommended by current international guidelines.
Policy implications
• Children living in Montserrat should be encouraged to take appropriate measures to reduce their exposure to ash during periods of ashfall. Children aged 12 and under who were currently living in moderate or heavy ash exposure areas reported more wheeze and health service use but not cough, than those who currently lived in low exposure areas, but these differences did not reach statistical significance. No similar associations between exposure and symptoms were found in children aged 13 and over.
Exercise tests were performed on 141 children aged 8-12 years (86.0% of the 164 children in this age group who provided questionnaire information). Seven of these (5.0%, 95% CI 2.0% to 10.0%) had a positive test as conventionally defined by a 15% fall in PEFR. In view of this small proportion, for the analysis of the association between EIB and exposure to ash, a fall in PEFR of 10% was used to define a positive test. Nineteen children (13.5%, 95% CI 8.3% to 20.2%) had EIB by this definition. None of them had a parent who smoked. Table  3 shows the association between EIB and exposure to volcanic ash emissions. The relative risk of EIB, defined as a 10% fall in PEFR, was nearly four times greater in children who currently lived in moderate or heavy ash exposure areas than in those who had currently lived in low exposure areas after adjustment for age and sex.
Of the children who reported wheeze in the past 12 months, none reported current use of a corticosteroid inhaler. Four children reported having a β agonist inhaler.
DISCUSSION
This study shows that children who had ever lived in areas with moderate or heavy exposure to ash since July 1995 reported more respiratory symptoms and use of health services for respiratory problems than children who had never lived in these areas. Objective measures of lung function supported this finding.
Overall we achieved a response of almost 80% to the questionnaire. No information was available about those for whom data were not collected, though they may have differed from responders in a variety of ways. However, non-response is unlikely to cause false positive associations of exposure with disease in epidemiological studies unless complex response biases are present.
The associations between exposure to volcanic ash and reported morbidity may have been biased by over-reporting of symptoms in children who were exposed and who had erroneously attributed their symptoms to an effect of volcanic ash. Conversely the study participants may have underreported symptoms if they had believed that the results were to be used to justify unwanted relocation. While both underand over-reporting of symptoms may have occurred, EIB is an objective measure, so reporting bias cannot fully explain our findings.
What effect migration out of the island had on our estimates of association between living in a higher ash exposure area and respiratory health is not clear. It is possible that those who emigrated from higher exposure areas were of higher socioeconomic status and may have been healthier, with fewer respiratory symptoms than those who stayed behind. For this to explain the association we found, migration away from the island from low exposure areas would have to be unrelated to socioeconomic status, which seems unlikely. We do not have reliable data on the respiratory health or socioeconomic status of children who emigrated, though asthma was frequently cited as a medical condition among families who left under the Assisted Passage Scheme.
The prevalence of wheezy symptoms in Montserrat was similar to that found in a recent survey of Barbados children carried out as part of ISAAC. 5 The prevalence of EIB in Montserrat (5.0%) was similar to South Africa (4.1%), higher than Sweden (2.1%), and lower than New Zealand (12.2%) and Wales (7.7%), in studies following a similar protocol. 4 Comparing the prevalence with more stable populations to gain information about the possible effect of ash emissions is of limited value as we do not know the prevalence before the eruption or the extent to which emigration after the crisis influenced prevalence.
Anxiety over the effects of ashfalls is common in volcanic crises, but as eruptions are infrequent, little information exists on the respiratory health effects. The long duration of the Montserrat eruption is unusual. Surveys of people living near ash eruptions show increases in reports of respiratory symptoms, 6 7 and increased numbers of health service attendances for respiratory symptoms, [8] [9] [10] including in children. 11 12 However, until now no published studies have shown clearly that volcanic ash exposure is associated with asthma-like symptoms or EIB in children. In Montana, a state affected by moderate ashfall from the 18 May 1980 eruption of Mount St Helens, elementary school children taking part in an air pollution study had had their lung function recently recorded. Asthma ever* 22 (10.1) 10 (9.1) *wheeze "ever" and asthma "ever" = lifetime prevalence.
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www.occenvmed.com on 22 July 2005 oem.bmjjournals.com Downloaded from On 23 May, when schools were reopened following the eruption, no change in their lung function was found. 13 The ambient total suspended particulate (TSP) concentration was between 948 and 11054 µg/m 3 during 19-22 May, but as people had been advised to stay indoors until 23 May the actual exposure may have been lower. Buist et al found no change in lung function over a two week period in 101 children attending a summer camp in Oregon affected by the 12 June eruption of Mount St Helens, when daytime TSP levels were 800 and 2300 µg/m 3 , and respirable dust levels averaged 170 µg/m 3 . 14 No increase in asthma-like symptoms was found in children living near Mount Sakurajima, Japan, during the frequent ashfalls from its almost daily eruptions in 1991-93, but the ash was mainly coarser than PM 10 . [15] [16] [17] In contrast, the high individual exposures on Montserrat lasted for over two years, during which there were frequent light ashfalls and repeated resuspension of clouds of very fine, respirable ash. Large eruptions (ground deposit over 1 cm) leading to temporary restriction of transport and closure of workplaces and schools were rare. The fine ash readily penetrated the open style housing, so indoor exposures were also high. However, rainfall almost totally prevented the resuspension of ash by wind or human activity, including children playing outdoors. Although Montserrat has frequent rainfall, in 1997 most days were dry and dusty. The disruption of medical services and lack of availability of effective asthma medication, which had not been evident before the survey, may also have contributed to our findings.
Epidemiological studies have shown associations between ambient PM 10 levels and hospital admissions for respiratory illnesses, and mortality from cardiac and respiratory diseases. 18 However, the association is less consistent for asthma. 18 19 The coarse fraction of PM 10 (PM 2.5-10 ) is generally considered to be less toxic than the fine (<PM 2.5 ) fraction, and crustal derived particles, such as volcanic ash, less toxic than those generated by traffic exhausts, 20 but both fractions may induce asthmatic or bronchitic responses. 21 As well as their size, the surface properties of particles, for example, the presence of transition metals, could trigger inflammatory processes by initiating the release of free radicals. 21 Freshly erupted volcanic ash has an unweathered surface that can carry substances such as trace metals, hydrocarbons, and acids emitted in the eruption. Hydrocarbons formed from burning vegetation are unlikely to have been present as most of the pyroclastic flows were down the Tar River Valley, which had been stripped of vegetation early in the eruption. Sulphuric, hydrochloric, and hydrofluoric acids in the erupted plume are readily adsorbed onto the surfaces of ash particles, 22 and these could cause irritative effects on airways. These acids may also react with glass and silicate components of the ash, forming calcium sulphate and sodium chloride as precipitated coatings. On contact with moisture these substances may be taken into solution to produce corrosive acids that burn foliage, but the soluble acid content of the ash was usually low. Increased allergen exposure is also an unlikely explanation: fresh volcanic ash is sterile and free from endotoxin or fungal spore contamination. Routine monitoring of sulphur dioxide since 1996 has shown that the gas plume rarely reached the ground under any weather conditions, so direct exposure to volcanic gases was unlikely to have caused respiratory symptoms. Air pollution from vehicle emissions on this unspoilt, verdant island was minimal before or since the eruption.
Our findings provide evidence that the respiratory health of children was affected in the volcanic crisis, as a result of the long duration of exposure to high ambient levels of respirable ash particles. Further eruptive activity is likely for some years, though the escalation of activity in 1997 had not been repeated by mid-2001. Modelling, however, has shown that the probability of large deposits of ash accumulating in the occupied north part of the island is very low. 23 We recommend Table 2 Associations between exposure to volcanic ash emissions and respiratory symptoms and health service use (OR adjusted for age, sex, and parental smoking) Not calculable *Baseline: low exposure; †baseline: not currently exposed; **wheeze "ever" and asthma "ever" = lifetime prevalence. that the health sector response in volcanic eruptions should include measures to ensure that the respiratory health of children is adequately monitored and treated and appropriate advice given on limiting exposure to fine ash. 
